Square lattice photonic crystal single defect nanocavity structures are formed in free-standing slab InGaAsP materials emitting near 1.55 m. Laser operations are achieved from two types of resonant modes, a degenerate dipole mode and a nondegenerate whispering-gallery-like mode. Each laser mode is identified by the measurement of mode shapes, quality factors, and polarization. The threshold absorbed pump power is estimated to be less than 0.2 mW for the whispering gallery mode. It is found, by rate equation analyses, that nonradiative surface recombination, which takes Ͼ60% of carrier recombination near threshold, is one of the main limiting factors for the low-threshold operation of photonic crystal single defect lasers.
I. INTRODUCTION
Advances in semiconductor processing technologies have resulted in semiconductor microlasers with dimensions approaching the wavelength of light. [1] [2] [3] In small optical cavities, lasers with ultralow threshold and low-operating power can be realized. These small, low-operating-power lasers integrated in dense arrays will be potentially used in highspeed optical connections and display applications with greatly reduced heat production. Photonic crystal single defect cavities are expected to realize nearly thresholdless lasers since they can create wavelength-scale small resonant modes having high-quality factors ͑Qs͒. 4, 5 A large spontaneous emission factor (␤)ϳ0.8 has been theoretically predicted in the air-bridge slab two-dimensional ͑2D͒ photonic crystal single defect cavity mode whose dimension is only a few times (/2n) 3 , where is the emission wavelength and n is the refractive index. 6 Up to now, several types of photonic crystal single defect lasers have been realized from free-standing slab InGaAsP active materials emitting near 1.55 m. [7] [8] [9] [10] Most photonic crystal lasers have adopted the triangular lattice of air-holes structure to exploit the large TE band gap of this lattice. Dipole mode 8 and monopole mode lasers 9 in the triangular lattice single defect cavity have been demonstrated by room-temperature optical pumping. Very recently, the authors reported lasing actions from the square lattice photonic crystal single defect cavity. 10 Despite the small band-gap size of the square lattice, two-types of high-Q resonant modes have been found in this cavity both theoretically and experimentally. One is the nondegenerate mode to be classified as the lowest-order whispering gallery mode, and the other is a dipole mode that is doubly degenerate. In this article, we present a detailed experimental description of lasing characteristics of both square lattice single defect cavity modes.
In Sec. II, resonant modes of the square lattice single defect cavity are introduced. Sections III and IV are devoted to the fabrication and the optical characterization of photonic crystal lasers. In Sec. V, threshold characteristics are discussed using rate equations. Finally, the conclusion is given in Sec. VI.
II. RESONANT MODES
A schematic of the square lattice single defect cavity structure free standing in air is drawn in Fig. 1 . Multiple quantum well active layers are positioned in the middle of the slab. There are several structural parameters such as slab thickness ͑d͒, lattice constant ͑a͒, air-hole radius ͑r͒, and refractive index of the slab material ͑n͒. Resonant mode profiles of the cavity are calculated by the three-dimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ method with the perfectly matched layer boundary condition. 11 In the calculation, d and r are chosen to be 0.4 and 0.35 a, respectively. n is fixed to 3.4 which corresponds to the refractive index of InGaAsP material at 1.55 m.
The C 4 symmetry of the square lattice allows the creation of two nondegenerate modes and one doubly degenerate mode. 12 Of theses, a quadrupole-shaped nondegenerate mode and a dipole-shaped degenerate mode are observed in this structure by numerical simulation. The electric-field intensity pattern of each mode in the middle of the slab is presented in Fig. 2 . As has been addressed in our previous work, the nondegenerate mode in Fig. 2͑a͒ has the characteristics of the whispering gallery mode ͑WGM͒ with the azimuthal mode number of 2. 10 This mode can be regarded as the smallest possible whispering gallery mode. The resonant mode shown in Fig. 2͑b͒ is a dipole mode polarized in the x direction. The other degenerate dipole mode is polarized along the y direction.
Interesting features of resonant modes are found by investigating the band structure of the square lattice. The band structure calculated by the 3D plane-wave expansion method is shown in Fig. 3 . Air-holes radius and slab thickness are 0.35 and 0.4 a, respectively. The Brillouin zone and the corresponding real-space geometry of the square lattice are also shown in this figure. There is a small band gap for the TElike guided Bloch modes between the M point of the first band and the X point of the second band. The gap-midgap ratio of the band gap is about 6%. This band-gap size is only one fourth of that of a triangular lattice having the same air-holes size and slab thickness. Despite this small-size band gap, well-confined resonant modes exist in the square lattice. The resonant frequency of each mode is represented by the horizontal line in the band structure of Fig. 3 . The resonant frequency of the WGM is within the full in-plane band gap. However, the resonant frequency of the dipole mode lies outside the full in-plane band gap for all air-holes radius. This is because only the band gap for the ⌫-X direction plays an important role, since the dipole modes oscillate predominantly in the ⌫-X direction. This observation indicates that the existence of a full band gap is not a necessary condition for the existence of localized modes in the 2D photonic crystal defect cavity structures.
In addition, the large band gap does not guarantee the high-Q resonant modes. In our previous works, we showed that the Q of the WGM could be larger than 10 000. 10 The vertical Q of the optimized WGM can be even larger than 40 000. 13 The large Q value of the WGM partly originates from the symmetric mode pattern with the electromagnetic field energy null at the center. In this case, the far-field along the normal direction will be canceled out by destructive interference. In comparison, the total Q of the square lattice dipole mode is only a few hundred. 10 Although the square lattice dipole mode exists outside the band gap, this value is comparable to that of the dipole mode in the standard triangular lattice single defect cavity. 14, 15 In this sense, we argue that the mode pattern rather than the band-gap size is more important for the quality factor.
III. FABRICATION
Air-bridge-type photonic crystal slabs or photonic crystal membranes have been widely employed as the matrix of 2D photonic crystal air-holes patterns due to the strong photon confinement capability and relatively simple fabrication procedure. Strong index contrast between the slab material and air enables the cavity to form high-Q resonant modes with small mode volume. In this subsection, a simple fabrication procedure for the InGaAsP-based photonic crystal air bridge is introduced. Seven 6 nm strain-compensated InGaAsP quantum wells are used as active materials. InGaAsP-InP material system is widely employed for photonic crystal light emitting structures that have many air holes, because of its relatively slow surface recombination velocity. 16, 17 The fabrication procedure for the free-standing slab is basically similar to that reported in Ref. 8 . In the standard micro-and nano-fabrication, dielectric and metal layers are usually deposited on the wafer for the pattern transfer masking. So, several steps of deposition and dry etching processes are required. In this work, however, we developed a much simplified fabrication method by using the poly-methylmethachrolyne ͑PMMA͒ as the only existing etching-mask layer.
Our fabrication procedure for a free-standing photonic crystal slab is schematically drawn in Fig. 4 . First, 1000 Å-thick 2% PMMA is coated on the top surface of the InP/InGaAsP wafer and 2D photonic crystal patterns are defined by electron-beam lithography. After developing the exposed PMMA, Arϩ ion-beam etching is applied for a moderate time to change the property of the PMMA layer. The hardened PMMA can function as a good etching mask for the following chemically assisted ion-beam etching ͑CAIBE͒ process. The CAIBE is performed at 250°C using Ar and Cl 2 gases. 18 The etch rate is Ͼ1 m/min. The remaining PMMA layer after the CAIBE process is removed by O 2 ashering. Finally, the patterned InGaAsP layer is separated from the surrounding InP layers to leave a free-standing slab by use of highly selective wet etching with HCl solution.
In this way, the fabrication of a free-standing InGaAsP photonic crystal slab structure is completed. The scanning electron micrograph of a fabricated square lattice single defect structure is shown in Fig. 5 . The InGaAsP slab thickness is 202 nm. At this slab thickness, only the fundamental transverse-electric ͑TE͒ mode is allowed in the thin slab waveguide including the active material. 19 In experiments, we have fabricated various samples with different lattice constants and air-holes radius in order to tune resonant frequencies lithographically.
VI. MEASUREMENT RESULTS
To understand lasing characteristics, fabricated single defect structures were pumped by a 980-nm laser diode with 10 ns pulses at a repetition rate of 500 kHz. Emitted light was collected from the top using a microscope objective with ϫ50 magnification (NAϭ0.85). The peak wavelength of the photoluminescence spectrum of InGaAsP quantum wells is located at 1530 nm. The pump spot size is determined from the spatial distribution of the photoluminescence. By taking the FWHM ͑full width at half maximum͒, the pump spot size was estimated to be 3.5 m. All measurements were performed at room temperature.
The observed mode profiles of the WGM laser and the dipole mode laser are shown in Fig. 6 . The mode images are taken by an infrared vidicon camera. For overall investigation of emission patterns, near fields or far fields, special measurement schemes should be adopted. 20 For the WGM operation ͓Fig. 6͑a͔͒, the mode image clearly shows four lobes and a nodal point at the center indicating the characteristics of the WGM with an azimuthal mode number of 2. In Fig. 6͑b͒ , a dipole mode image is shown. One can see one-dimensional fringe patterns resulting from the interference of laser light diffracted at the cavity boundaries. Another dipole mode image that is orthogonally directed to the image in Fig. 6͑b͒ is also observed.
Each laser mode was also identified by polarization measurements that were conducted by placing a polarizer in front of the spectrometer slit. As shown in Fig. 7 , the dipole mode is nearly linearly polarized, whereas the WGM does not have definite polarization directions. The polarization direction of the dipole mode is consistent with the mode image in Fig.  7͑b͒ . These polarization features of both modes agree well with the observed mode images in Fig. 6 and calculated mode profiles in Fig. 2 of the WGM is attributed to the slight asymmetry of cavity structures introduced during fabrication processes and polarization-dependent optical components used in the measurement.
The L-L ͑light-out versus light-in͒ curves for each laser with the lowest threshold are presented in Fig. 8 . These curves represent collected output power measured at the lasing wavelength as a function of incident peak pump power. From the L-L curve in Fig. 8͑a͒ , the threshold peak pump power is estimated to be about 0.8 mW for the WGM operation. The threshold of typical lasers ranges 1-3 mW depending on the spectral position. The lasing wavelengths of lowthreshold lasers are positioned near the gain peak of the active material. The fraction of incident pump power absorbed in quantum wells is estimated to be ϳ20% assuming absorption coefficient at 980 nm is 2ϫ10 Ϫ4 cm Ϫ1 . 21 In this case, the threshold pump power of 0.8 mW roughly corresponds to the absorbed threshold pump power of 0.16 mW. This amounts to an absorbed pump power density of about 1.6 kW/cm 2 . This threshold value is somewhat lower than that of the previously reported dipole-mode triangular lattice single defect laser. 8 However, it should be noted that the threshold is dependent on pumping schemes such as the pulse shape, spot size, and the wavelength of a pumping laser. One thing that should be considered is the effect of pump photon trapping. 22, 23 Due to the vertical resonance effect of the air-bridge slab, the absorbed pump power is enhanced or reduced depending on the wavelength of a pump laser. Using the formula in Ref. 22 , the enhancement of absorbed pump power is estimated to be ϳ30% in the case of 980 nm pumping. If this enhancement effect was included, the threshold absorbed pump power would be ϳ0.2 mW.
The lowest value of the threshold for dipole mode lasers is about 1.0 mW as shown in Fig. 8͑b͒ , which is 20% higher than that of the WGM laser. This reflects the higher Q of the WGM. Considering that the Q of the WGM can be more than ten times larger than that of the dipole mode, the measured threshold of the WGM does not seem to be sufficiently low. This is because the threshold of the photonic crystal single defect laser is mainly limited by the absorption in the mirror region, transparent carrier density, and carrier losses due to diffusion and nonradiative recombination. The actual Q would be smaller than the calculated one due to the imperfect cavity structure and scattering of photons at rough sidewalls. The effects of optical absorption and nonradiative carrier recombination on the threshold will be treated in the next section in detail.
The above-threshold spectra of the lowest-threshold WGM and dipole mode lasers are presented in Fig. 9 . The peak pump power in front of samples is 5 mW in this figure. The linewidth of laser spectra is limited by the resolution of the optical spectrum analyzer. Emission wavelengths of the WGM laser and the dipole mode laser are 1.535 and 1.52 m, respectively. These lasing wavelengths exist near the gain peak of used InGaAsP active materials. Although there are two resonant laser modes in the square lattice single defect cavity, only one laser mode can be selectively excited by adjusting pumping conditions such as pumping position and pump spot size. Therefore, laser spectra in Fig. 9 show single mode laser operation over a wide range of wavelength. To determine the quality factor of resonant modes experimentally, the spectral linewidth of single defect modes is measured near the transparency pumping condition. Actually, the output power collected from the single defect cavity is very weak. Therefore, in order to measure the spectra below threshold, the duty ratio is increased up to 2% and a sensitive femtowatt InGaAs photodetector is used. Figure 10 shows the spectrum of the WGM and the dipole mode when the peak pump power is 0.4 mW. In the steady state, the relation of pump power P and carrier density N is given by 17 
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where the injection efficiency of pump photons into quantum wells ( i ) and radiative efficiency ( r ) are both assumed to be 0.2, and the bimolecular recombination coefficient B is chosen to be 10 Ϫ10 cm 3 . Active volume is determined by the multiplication of the pump area and total quantum well thickness. Then, the pump power of 0.4 mW corresponds to the carrier density of about 2ϫ10 18 cm 3 . This value is comparable to reported transparent carrier density of InGaAsP quantum wells. 17 From the measurement of the FWHM, the Q of the WGM is estimated to be about 2000. This Q value is limited by the resolution of our monochromator. The FWHM of the dipole mode is 3.8 nm that corresponds to the Q of about 400. The measured Qs compares reasonably well with the calculation results in Ref. 10 .
Arrays of square lattice single defects with various lattice constant and air-holes radius are formed from the lithographical stage. Each laser in the arrays exhibits distinctive emission characteristics such as an emission wavelength and polarization. In Fig. 11 , measured laser wavelengths are plotted and compared with calculated resonant wavelengths as a function of lattice constants when the air-holes radius is 0.38 a. Dot symbols represent the experimental values and lines are the calculated results obtained from 3D FDTD calculations. Lasing actions have been obtained in a wide spectral range between 1340 and 1610 nm. Considering fabrication inaccuracy, the agreement between calculation and measurement is good. Lasing actions from two degenerate-split dipole modes were also observed in several samples. The amount of the splitting is about 1-2% which is well within the fabrication tolerance. No splitting of the emission wavelength from the WGM is observed, which supports the nondegeneracy of the WGM. The above result implies that simple lithographic tuning of the cavity geometry can be used to control emission wavelengths. The combination of high-density laser arrays and lithographically controllable light emission can find potential applications of photonic crystal nanocavities.
V. DISCUSSION
Photonic crystal single defect lasers have the smallest mode volume of all the lasers ever reported. The large spontaneous emission factor could lead to a very low-threshold lasing operation. However, the measured threshold of single defect lasers was not so low. The estimated absorbed pump power of about 0.2 mW corresponds to 0.16 mA in the current injection case. This threshold value is still higher than that of other types of microcavity lasers such as microdisk lasers 24 and small-sized ͑VCSELs͒ 25 where the threshold of the order of 10-100 A have been addressed.
The relatively large threshold of photonic crystal single defect lasers comes from two main reasons, optical losses and carrier losses. In an ideal case, the total optical loss is FIG. 10 . Below-threshold spectra measured at the peak pump power of 0.4 mW. ͑a͒ WGM and ͑b͒ dipole mode. From the FWHM of the resonant peak, the quality factor of each mode is estimated to be Ͼ2000, and ϳ400, respectively. determined by the quality factor of the cold cavity. In usual photonic crystal laser structures, the optical losses coming from absorption in the mirror region become serious. In order for the quality factor to reach the theoretical value, the mirror region should be transparent. This requires a large pumping diameter of Ͼ3 m. Then, the pumping area is about 30 times larger than the cavity area. Therefore, if there was no absorption in the mirror region and the cavity region was selectively pumped, the threshold as small as 5 W could be achieved.
The other reason responsible for the large threshold originates from carrier losses due to the nonradiative surface recombination. It has been shown that the surface recombination loss degrades luminescence efficiency of photonic crystal light emitters significantly. 26, 27 It will be shown later that the effect of the surface recombination is very significant near threshold even though InGaAsP quantum wells have small surface recombination velocity.
To compare experimentally determined thresholds with theoretical prediction, the L-I ͑light-out versus current-in͒ curve is calculated by using rate equations for semiconductor lasers.
Equations ͑2͒ and ͑3͒ are the rate equation for carriers and photons, respectively. N and N p , respectively, denote carrier density and photon density. Definition and adopted values of InGaASP material and photonic crystal cavity parameters are summarized in Table I . The internal efficiency i is assumed to be 1.0. The gain g is approximated to be linearly proportional to carrier density,
Using these parameters, Eqs. ͑2͒ and ͑3͒ are solved under steady-state conditions. L-I curves are shown for two values of Qs in Fig. 12 . By fitting the experimental curve to the calculated one, one can determine the ␤ value. In this work, however, we do not attempt to fit the curves because even small uncertainty in the parameters in Table I would lead to large difference of ␤ values. And, the ␤ could be reliably evaluated only when the L-I curve is obtained by continuous-wave electrical pumping. Here, the spontaneous emission factor is assumed to be 0.1. In our recent work, the ␤ of the monopole mode triangular single defect laser is estimated to be near this value. 28 When Q is 5000, the threshold is about 0.2 mA. The threshold becomes larger for the smaller Q value. A Q value of ϳ5000 is similar to the theoretical Q of the WGM. 10 At very high Qs, however, the threshold will not be further reduced since the cavity loss is dominated by internal optical losses. Because of the large area of air-material interfaces in photonic crystals, a relatively large internal loss of 50 cm Ϫ1 was assumed. The threshold current of 0.2 mA corresponds to the threshold pump power of ϳ0.25 mW for the optical pumping with a 980 nm laser diode. This is a little higher than the experimentally determined threshold pump power in Fig. 8͑a͒ , but agreement between experiment and simulation is reasonably good. Considering the Gaussian pumping profile with high intensity at the cavity center, the calculated threshold would decrease and approach experimental results.
In Fig. 13 , the relative contribution of each carrier recombination is plotted. Near threshold, the surface recombi- nation takes as large as 70% of the total recombination, and the radiative efficiency is less than 20%. If the radiative efficiency approached 100% by suppressing nonradiative recombination, about a fivefold reduction in threshold would be expected. We have estimated the threshold current could be reduced to Ͻ5 A if optical absorption in the mirror region is absent. Therefore, in an ideal situation where no optical absorption and carrier losses exist, our simple estimation predicts the threshold of photonic crystal single defect laser could be Ͻ1 A. In this respect, quantum dot materials have a potential for the photonic crystal active medium because quantum dots show low-surface recombination that is related to reduced carrier diffusion and low-optical absorption compared to quantum wells. Recently, low-surface recombination and high-radiative efficiency of quantum dot photonic crystal light emitters have been confirmed at least at low temperature. 29 We would like to emphasize the node of electric fields at the center of the WGM. This fact will be advantageously used to provide a current flow path for electrical pumping. The WGM of the square lattice single defect is a good candidate for nearly thresholdless nanocavity laser because of the high Q, nondegeneracy, and the node of field energy at the center.
VI. CONCLUSION
Square lattice photonic crystal single defect lasers fabricated in the InGaAsP air-bridge slab are characterized by room-temperature optical pumping. Lasing actions from the WGM and the dipole mode are observed. The distinctive characteristics of each laser mode are clarified by the measurement of mode patterns, polarization, and belowthreshold spectra. The measured emission wavelengths agree reasonably well with 3D FDTD calculation results. The lowest-threshold pump power is ϳ0.8 mW for the WGM laser. The absorbed pump power density is 1.6 kW/cm 2 , which is lower than previously reported triangular lattice dipolemode single defect lasers. The threshold of photonic crystal single defect lasers is mainly limited by surface recombination carrier losses. By theoretical analyses based on rate equations, it is found that the contribution of surface recombination is as large as 70% of total carrier recombination. In addition, we address the possibility of the realization of sub-A-threshold semiconductor lasers from a square lattice photonic crystal single defect laser when the optical absorptions in the mirror region and nonradiative surface recombination are suppressed.
